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The low cost of the injected solvent, which can be also recovered and recycled, and the applicability
of VAPEX technique in thin reservoirs are among the main advantages of VAPEX process compared
to thermal heavy oil recovery techniques. In this research, an extensive experimental investigation
is carried out to ﬁrst evaluate the technical feasibility of utilization of various solvents for VAPEX
process. Then the effect of drainage height on the stabilized drainage rate in VAPEX process was
studied by conducting series of experiments in two large-scale 2D VAPEX models of 24.5 cm and
47.5 cm heights. Both models were packed with low permeability Ottawa sand (#530) and satu-
rated with a heavy oil sample from Saskatchewan heavy oil reservoirs with viscosity of 5650 mPa s.
Propane, butane, methane, carbon dioxide, propane/carbon dioxide (70%/30%) and propane/
methane (70%/30%) were considered as respective solvents for the experiments, and a total of
twelve VAPEX tests were carried out. Moreover, separate experiments were carried out at the end
of each VAPEX experiment to measure the asphaltene precipitation at various locations of the
VAPEX models. It was found that injecting propane would result in the highest drainage rate and oil
recovery factor. Further analysis of results showed stabilized drainage rate signiﬁcantly increased in
the larger physical model.
Copyright © 2015, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The VAPEX process is the solvent analogue of SAGD, which
reduces oil viscosity by diluting the in-situ bitumen with
vaporized solvents. The idea of injecting the solvent vapours to
enhance the oil recovery was ﬁrst proposed in 1974 by Allen
[1e3], in which, the Cyclic Steam Stimulation (CSS) process was
varied by alternating steam and solvent. Because of the low oil
recovery, the idea was not ﬁeld tested. Later, Allen [2] improved: þ1 306 585 4855.
ohammadpoor), farshid.
troleum University.
ier on behalf of KeAi
niversity. Production and host
creativecommons.org/licenses/bthe idea by injecting a mixture of two gases: one gas as the
carrier gas and the other one as the solvent. As an injected sol-
vent, propane is a common solvent used in various VAPEX
studies. After all, Das and Butler found propane and butane to be
the most effective solvents for VAPEX [4,5]. They found that
propane diffuses faster and produces higher production rates. In
VAPEX, diluted oil becomes less viscous along the boundary of
the vapour chamber and drains via gravity toward the produc-
tion well which is directly located below the injection well. Of
note, long horizontal wells are required to obtain reasonably
high production rates, because gravity drainage is a slow re-
covery process [6]. Nevertheless, the vapour chamber forms
around the injection well in the swept zone by pore spaces ﬁlled
with solvent vapour. The mixing of solvent and bitumen occurs
mainly by molecular diffusion and convective dispersion mech-
anisms that are combined during the solvent and bitumen
mixing process [7].
Yazdani and Maini [8] did a scale-up for the VAPEX method
and studied the effects of drainage height and grain size oning by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
Nomenclature
Symbols and deﬁnitions
Cmax maximum solvent concentration
Cmin minimum solvent concentration
Cs solvent concentration
Deff effective diffusivity, L2t1
DS diffusivity of solvent in bitumen, L2t1
H drainage or model height, L
Ns VAPEX number
Q stabilized drainage rate per unit length of the
horizontal well, L2t1
d diameter, L
g gravitational acceleration, L2t2
k permeability, L2
Greek symbols
l mass transfer enhancement coefﬁcient
m viscosity, ML1t1
mmix viscosity of mixture at solvent
concentration, ML1t1
s surface tension, Mt2
f porosity
Dr density difference between solvent
and bitumen, ML3
DSo change in oil saturation
Abbreviations
BPR back pressure regulator
CSS cyclic steam stimulation
DFM digital ﬂow meters
IA image analysis
SAGD steam assisted gravity drainage
SUF solvent utilization factor
VAPEX vapour extraction
WTM wet test meter
M. Mohammadpoor et al. / Petroleum 1 (2015) 187e199188production rates in the VAPEX process. In their research, it was
found that minor changes in heavy oil composition do not
signiﬁcantly affect the observed drainage rates. It was also
observed that scaled-up, stabilized oil-drainage rates are much
higher than the predictions published in the literature. Thus, the
VAPEX process may be more widely applicable than previously
thought. However, their results were obtained in physical models
with perm abilities around 640 mm2which is very far from actual
ﬁeld conditions. Even though the most suitable solvents for the
process are propane and ethane, a mixture of butane, propane
and ethane may sufﬁce depending on reservoir pressure and
temperature [9]. Regardless of solvent selection, the optimum
injection point is near the dew point where the vapour phase has
maximum solubility and there is maximum diffusivity in the
liquid phase [10].
This research is mainly focused on providing an extensive
study of VAPEX process performance by considering the injec-
tion of propane, butane, methane, CO2, propane/CO2 and pro-
pane/methane as respective injection solvents in two large-scale
physical models with different heights. To achieve this goal,
twelve VAPEX experiments were designed and carried out; this
will be discussed in more details throughout this paper.
2. Experimental
2.1. Experimental set-up
The VAPEX experimental set-up consisted of four major units:
a solvent injection unit, the VAPEX physical models, a solvent
and liquid production unit and data acquisition unit.
The solvent injection unit was composed of gas cylinders
(propane, butane, methane and CO2), gas pressure regulators,
digital pressure gauges, solvent injection valves, and digital ﬂow
meters (DFM) calibrated speciﬁcally for each solvent. In this
study, VAPEX experiments were conducted under constant
pressure. Solvents were injected through the pressure regulators
to monitor and maintain the constant injection pressure. The
solvent injection linewas connected to DFMs to record the rate of
injection and the total volume of injected solvent. Two more
pressure gauges recorded the pressure at the injection points of
the physical models.A large 2D rectangular VAPEX model with the dimensions of
47.5(height)  38(width)  5(thickness) cm3 and a small 2-D
rectangular VAPEX model with the dimensions of
24.5(height)  20(width)  5(thickness) cm3 were used to carry
out the experiments. These visual slab models were made of
thick Plexiglas plates with a stainless steel frame. The visual slabs
limited the maximum operating pressure, as they were designed
for pressures up to 1 MPa. However, their transparency was
necessary for visual observation of the solvent injection process,
speciﬁcally in terms of solvent chamber evolution.
The ﬂuid production unit included production control valves,
digital pressure gauges, back-pressure regulators (BPR), nitrogen
gas cylinders, separators, wet test meters (WTM) and oil sample
collectors. Digital pressure gauges were mounted at the pro-
duction points to monitor the outlet pressure. The BPRs were
used to maintain the pre-speciﬁed operating pressure in each
VAPEX model during the course of experiments. The produced
oil and solvent were collected in two separators below each
physical model. The rate and total volume of the produced sol-
vent were accurately measured with two WTMs.
During the VAPEX experiments, different parameters were
recorded at the data acquisition unit, which was composed of a
computer as well as special ports, converters, and pulse gener-
ators. Fig. 1 shows the schematic diagram of the designed
experimental set-up.2.2. Materials
Ottawa sand #530 (Bell and Mackenzie Co. Ltd., Canada) was
used to pack the VAPEX physical models. This is a white sand
with a rounded grain shape and 99.88% Silicon Dioxide (SiO2).
The speciﬁc gravity of the sand used for this study was 2.65
(gH2O ¼ 1.0). Fig. 2 shows the screen analysis for Ottawa sand
#530. In each experiment, approximately 4.3 kg of sandwas used
to pack the small model, while, for the large model, approxi-
mately 16.5 kg of sand was used for packing.
Plover Lake heavy oil with viscosity of 5650 mPa s at 21 C
was used in this study. The compositional analysis of the heavy
oil sample was obtained by using the simulated distillation
method. The results are presented in Table 1.
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M. Mohammadpoor et al. / Petroleum 1 (2015) 187e199190Propane, butane, methane, nitrogen and carbon dioxide gas
cylinders were purchased from Praxair Canada with the stated
purity of 99.5%, 99.5%, 99.97%, 99.99% and 99.99%. Propane,
butane, methane and carbon dioxide were injected as respective
solvents in the VAPEX experiments. The nitrogen gas was used
for the back pressure line to maintain the desired pressure using
the BPRs for each test. It was also used before starting the VAPEX
experiments to conduct pressure leak tests.Table 1
Compositional analysis result of the injection heavy oil with viscosity of
5650 mPa s at 21 C.
Carbon number Mol.% Carbon number Mol.%
C1 0.0 C31 1.20
C2 0.0 C32 1.16
C3 0.0 C33 0.80
C4 0.0 C34 0.76
C5 0.0 C35 0.97
C6 0.0 C36 1.02
C7 0.00 C37 0.61
C8 0.00 C38 0.57
C9 3.38 C39 0.95
C10 11.17 C40 0.96
C11 12.95 C41 0.53
C12 5.76 C42 0.58
C13 3.22 C43 0.80
C14 3.02 C44 0.75
C15 3.60 C45 0.50
C16 3.19 C46 0.49
C17 3.47 C47 0.51
C18 3.31 C48 0.50
C19 2.93 C49 0.39
C20 2.59 C50 0.38
C21 2.75 C51 0.42
C22 1.68 C52 0.41
C23 2.11 C53 0.38
C24 1.83 C54 0.33
C25 1.75 C55 0.31
C26 1.56 C56 0.31
C27 1.61 C57 0.29
C28 1.61 C58 0.31
C29 1.32 C59 0.30
C30 1.25 C60þ 6.44
Molecular weight: 502, moil ¼ 5650 mPa s, roil ¼ 964.02 kg/m32.3. Experimental procedure
Each of the VAPEX experiments was performed in threemajor
steps. The ﬁrst step was preparation, in which, the model was
packed with sand, pressure leaks were tested; the model was
then vacuumed and saturated with oil. The next step was
running the VAPEX experiments, which included the continuous
solvent injection, monitoring the process, recording the data. The
last step was unpacking, taking samples from physical models
and cleaning the models.
The physical models were mounted on a movable stand with
rotation capability. For the packing, the VAPEX models were set
into horizontal position while one of the slabs on each model
was bolted. The cavities of the VAPEX models were packed with
dry Ottawa sand. Then, the gaskets, second Plexiglas slabs, and
steel protection covers were bolted in sequence and the models
were set back to the vertical position. At this point, additional
sand was added with a funnel through the top injection ports to
pack the empty spaces. The models were saturated with water
through the top injection points and they were vibrated for 24 h
to get uniform packing. Then, pressurized air was injected for
24 h to dry the sand and prepare the sand packs for porosity
measurement. After the air injection, the models were vibrated
again for several hours. After packing the models, the connec-
tions and required ﬁttings, valves and piping were connected to
the top and bottom ports of the physical models. Then, nitrogen
gas was injected into the models at the maximum allowable
operating pressure of the VAPEX models (1 MPa) to conduct the
pressure test and ﬁnally, the physical models were evacuated
with a vacuum pump.
To establish uniform oil saturation in the VAPEX models, the
oil was injected into the VAPEX models through the bottom
connection points. For this purpose, a high-pressure transfer cell
was employed and connected to a syringe pump. Because of the
pressure constraints of the physical models, the injection rate
was very low, which made the oil saturation process very slow. It
took about 2e3 days to saturate the small model and about 6e7
days to saturate the large model.
Once the models were saturated, the solvent injection line
was connected to the top connection ports of the VAPEX models.
Table 2
Operating conditions of the VAPEX experiments.
Test no. Model height
(cm)
Solvent Porosity (%) Permeability
(D)
Pressure
(kPa)
Temperature
(C)
Oil density
(kg/m3)
Oil viscosity
(mPa s)
1 24.5 Propane 42.2 8.78 700 21 971.53 5650
2 47.5 Propane 43.1 9.12 700 21 971.53 5650
3 24.5 Methane 40.7 5.12 850 21 971.53 5650
4 47.5 Methane 41.8 5.88 850 21 971.53 5650
5 24.5 CO2 42.1 6.11 850 21 971.53 5650
6 47.5 CO2 42.6 6.7 850 21 971.53 5650
7 24.5 Butane 42.4 9.63 140 21 971.53 5650
8 47.5 Butane 42.1 8.69 140 21 971.53 5650
9 24.5 Propane/CO2 41.8 8.64 850 21 971.53 5650
10 47.5 Propane/CO2 42.4 8.87 850 21 971.53 5650
11 24.5 Propane/methane 42.0 8.50 850 21 971.53 5650
12 47.5 Propane/methane 42.1 9.23 850 21 971.53 5650
M. Mohammadpoor et al. / Petroleum 1 (2015) 187e199 191The solvent was injected at constant pressure from the gas cyl-
inders to DFMs and then to the VAPEX models at a pre-speciﬁed
constant pressure. The operating conditions for the conducted
VAPEX experiments are presented in Table 2. The ﬂow rates and
total injected solvent volumes were recorded by the DFMs. For
each VAPEX test, the solvent was injected to the physical models
at the operating pressure while the production pressure was
atmospheric pressure and the solvent and oil production wasFig. 3. Schematic of the locations of each hemonitored carefully. The pressure at the production point was
implemented after that the connection between the injection
and production well was visually observed. Once the oil was
produced through the BPR, it was collected in the separators and
by reading from the calibrated visual separators; the cumulative
produced oil was recorded regularly during the course of the
experiments. The produced solvent was separated, and then,
from the top valves on each of the separators, the producedavy oil samples in the physical models.
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volume of produced solvent.After running each VAPEX test, separate residual oil
saturation and asphaltene content measurement experi-
ments were carried out. For this purpose, four different
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Table 3
Produced oil properties for the small model.
Solvent Viscosity (mPa s) Density (kg/m3) Molecular weight
Propane 999 853.50 509
Methane 4730 969.28 507
CO2 5010 962.88 505
Butane 2960 934.54 490
Propane/CO2 1480 954.48 525
Propane/methane 2380 963.10 508
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M. Mohammadpoor et al. / Petroleum 1 (2015) 187e199194samples were picked from four different locations of the
physical models (Fig. 3), and the residual oil saturation and
asphaltene content was measured for each sample individ-
ually to monitor the saturation proﬁle and asphalteneTable 4
Produced oil properties for the large model.
Solvent Viscosity (mPa s) Density (kg/m3) Molecular weight
Propane 469 938.17 501
Methane 5520 970.11 509
CO2 4910 961.80 504
Butane 3220 965.92 522
Propane/CO2 1160 944.46 611
Propane/methane 2080 961.10 504
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Fig. 12. Hydrocarbon components of the produced oil after injecting various sol-
vents in the large model.deposition at different locations during the process. To
measure the asphaltene content of each sample, at ﬁrst the
remaining oil in each sample obtained from the sand-packs
should be separated from the sand. The asphaltene content
of each sample was then measured using the standard
ASTM D2007-03 method [11e13]. The precipitant used here
was n-Pentane, which was added to the oil sample and
stirred thoroughly. Then, the mixture was ﬁltered through
0.2 mm Whatman No. 5 ﬁlter paper; this process was
continued until clean liquid drainage was monitored from
the ﬁlter paper. Afterward, the asphaltene precipitant on
the ﬁlter paper was kept in the air bath for one day to dry
completely and the ﬁnal weight of the asphaltene precipi-
tate was recorded to measure the asphaltene content of
each sample. The schematic diagrams for these experiments
are provided in Fig. 4.
3. Results and discussions
3.1. VAPEX experiments' results and discussion
Fig. 5 shows the effect of solvent type on recovery factor after
utilizing VAPEX process in the small model. As it can be seen, the
recovery factor is signiﬁcantly higher during propane injection
and the ultimate recovery factor was found to be about 75% ofResidual oil saturation (%)
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M. Mohammadpoor et al. / Petroleum 1 (2015) 187e199 195original oil in place. The second best solvent was found to be the
mixture of propane and CO2 with an ultimate recovery factor of
about 60% of original oil in place. Butane seemed to show high
recovery performance and the ultimate recovery factor achieved
after injecting butane was also about 60%, however the process
was observed to be slower compared to propane and propane/
CO2 injection. On the other hand, injecting pure methane and
CO2 did not show promising results and the process was
extremely slow. Fig. 6 shows the effect of solvent type on the
produced oil rate in the small model. The same trend as the re-
covery factor can be seen for different solvents. In short, the
highest production rate was observed to be 0.22 mL/min for
propane injection, while the lowest production rate was
observed to be about 0.012 mL/min for pure CO2 injection. Fig. 7
shows the effect of solvent type on recovery factor in the large
model. The same trend as the small model was observed in the
large model after injecting propane as the injection solvent.
The effect of drainage height on the stabilized drainage rate
was prominent. Fig. 8 shows the produced oil rate for various
solvents in the large model. The stabilized drainage rate
improved signiﬁcantly in the large model with greater drainage
height for different solvents. The highest stabilized drainage rate
was observed for propane injection, which was about 0.50 mL/
min, while the lowest production rate was observed for pure CO2Asphalten
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Fig. 16. Effect of solvent type on asphaltene preciinjection. The stabilized drainage rates were 0.33 mL/min,
0.25 mL/min and 0.32 mL/min for propane/CO2, propane/
methane and butane injection.
During the experiments, the amount of injected solvent was
recorded by DFMs for various solvents. The solvent utilization
factor (SUF) at any time during the experiments is the ratio of the
net oil production to the total injected volume of solvent. This
parameter was calculated by equation (1):
SUF ¼ Cumulative oil production ðmLÞ
Total volume of injected solvent ðmLÞ (1)
Fig. 9 shows the effect of solvent type on SUF in the small
model. As it was expected, the highest SUF was observed for the
case of propane injection, which shows the efﬁciency of the
process after using propane as the injection solvent. The total
SUF was about 2.3  103 (mL Oil Prod./mL Sol. Inj.) for propane
injection. Taking account the importance of solvent inventory,
these results conﬁrm the suitability of propane as an injection
solvent. Fig. 10 shows the effect of solvent type on SUF in the
large model. More or less the same trend as the small model was
observed in the large model for various solvents. As it was ex-
pected, the highest SUF was observed for the case of propane
injection, which shows the efﬁciency of the process after using
propane as the injection solvent. The total SUF was about
2.9 103 (mL Oil Prod./mL Sol. Inj.) for propane injection. These
results show that up-scaling the process did not result in addi-
tional solvent loss, and it was even observed that the VAPEX
process was signiﬁcantly improved.
Table 3 shows the effect of solvent type on viscosity, density
and molecular weight of the produced oil in the small VAPEX
model. The highest viscosity reduction was achieved using pro-
pane as the solvent. In fact, the viscosity of original oil was
diluted from 5650 mPa s to 999 mPa s after injecting propane,
while the produced oil viscosity was found to be 1480, 2380 and
2960 mPa s after injecting propane/CO2, propane/methane and
butane, respectively. However, injecting pure methane and CO2
did not result in a noticeable heavy oil dilution.
Fig. 11 shows the effect of solvent type on the hydrocarbon
components of the produced oil from the small VAPEX model. It
was observed that the amount of lighter hydrocarbons in the
produced oil was highest for the propane injection. This shows
that heavier hydrocarbons can be extracted after injecting pro-
pane as the solvent.e weight percent
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Fig. 17. The results obtained for up-scaling the stabilized drainage rate. The data points for different solvents are the experimental results obtained in this study, and the
dotted line is the drainage rate predicted based on: (a) n ¼ 0.5, (b) n ¼ 1.1, (c) n ¼ 1.3, and (d) n ¼ 1.2.
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andmolecular weight of the produced oil in the large model. The
heavy oil dilution was more prominent in the large model, and
the viscosity of original oil was diluted from 5650 mPa s to
469 mPa s after injecting propane, while the produced oil vis-
cosity was found to be 1160, 2080 and 3220 mPa s after injecting
propane/CO2, propane/methane and butane, respectively. Fig. 123.12.1 φkH
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Fig. 18. Linear regression for the results obtained for different solvents in the small
and large physical models.shows the effect of solvent type on the hydrocarbon components
of the produced oil in the large physical model.3.2. Residual oil saturation and asphaltene content measurement
As it was explained earlier different samples were taken from
different locations of the small and large physical models. The
saturation proﬁles are presented in Figs. 13 and 14 for the small
and large models, respectively.H (m)
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Fig. 19. Effect of drainage height and solvent type on dimensionless VAPEX num-
ber, Ns.
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jectionwell were very low for all different solvents. However, the
lowest residual oil saturation was obtained after injecting pro-
pane for both small and large models. The residual oil saturation
for sample location 1 was 4.3% and 5.1% for the small and large
models, respectively. On the other hand the highest residual oil
saturation was observed at the bottom of the physical models
and close to production wells. The highest residual oil saturation
was found to be 80.4% in the small model and 88.9% in the large
model for the case of CO2 injection. The residual oil saturations
were the lowest at top of the model and close to the injection
points because the solvents were injected from the top injection
point and the diluted oil was drained downward by gravity and
solvent ﬂooding. Jia et al. [14,15] found that for vertical place-
ment tests, the residual oil saturation was at minimum value at
the top of the model.
Fig. 15 shows the results of the asphaltene content mea-
surement test after using different solvents in the small model.
As it can be seen, the highest asphaltene precipitation was ach-
ieved after injecting methane and it was about 41.7%. Generally,
injecting CO2 showed the least asphaltene precipitation and
consequently the least heavy oil dilution. The asphaltene pre-
cipitation after injecting CO2 at location #1 was about 22.5%. It
should be mentioned that the low injection pressure for CO2
could be a reason for this low dilution. It was expected that the
difference in asphaltene precipitation for butane and propane
injection to be more prominent, however the slow process of
butane injection resulted in some excessive asphaltene precipi-
tation. Comparing the results for the propane injection with the
mixture of propane/CO2, it can be seen that there will be less
asphaltene precipitation at different locations of the physical
models. It was also observed by Javaheri and Abedi [16] that by
adding CO2 to pure propane less asphaltene precipitation would
be observed. Moreover, it was observed that adding methane,
would also results in less asphaltene precipitation compared to
pure propane injection. It was also found that the texture of
precipitated asphaltene on the ﬁlter paper changed at different
locations. For instance, asphaltene precipitants close to the in-
jection points were brittle; however, precipitants close to the
production points were more ductile.
Fig. 16 shows the results of the asphaltene content mea-
surement test after using different solvents in the large model.
This time, the overall amount of asphaltene precipitation was
highest at location #1 for the case of methane injection and it
was about 48%. The trend for various solvents was almost the
same as what was observed in the small model. The asphaltene
precipitation for location #1 was found to be 40%, 39.1%, 38.7%
and 38.6% for propane, propane/methane, butane and propane/
CO2, respectively.3.3. Scale-up
Butler and Mokrys [17] carried VAPEX experiments in Hele-
Shaw cells and found that there is square root functionality be-
tween the stabilized drainage rate and themedium permeability,
drainage height and physical properties of oil and solvent. They
assumed that there is complete miscibility of solvent and
bitumen; they also neglected the convection term and me-
chanical dispersion coefﬁcients. Based on their ﬁndings they
proposed equation (2) to predict the produced ﬂow rate after
implementing VAPEX process:
Q ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2kgfDSoHNs
p
(2)
In this equation, Ns is the VAPEX dimensionless numberwhich accounts for the oil-solvent properties and deﬁned by
equation (3):
Ns ¼
ZCmax
Cmin
Drð1 CsÞDs
mmixCs
dCs (3)
In these equations, Q is stabilized drainage rate per unit
length of the horizontal well, k is permeability, g is acceleration
due to gravity, 4 is porosity, DSo is change in oil saturation, Dr is
density difference between solvent and bitumen, Cs is solvent
concentration, Ds is diffusivity of solvent in bitumen, and mmix is
viscosity of mixture at solvent concentration.
Later, it was found by Das and Butler [5,7] that the above
equation under estimate the production rate in porous media. To
consider the effect of porousmedia, they introduced the effective
diffusion coefﬁcient, Deff and cementation factor, U. Therefore,
equations (2) and (3) were modiﬁed as:
Q ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2kgfUDSoHNs
q
(4)
where,
Ns ¼
ZCmax
Cmin
Drð1 CsÞDeff
mmixCs
dCs (5)
and,
Deff ¼ lfUDs (6)
In equation (6), l is mass transfer enhancement coefﬁcient.
Equation (4) can be rearranged in following form:
Q ¼
 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kHfU
q  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2gDSoNs
p 
(7)
The second term on the right hand side of equation (6)
ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2gDSoNs
p
Þ is constant for a speciﬁc oil-solvent system at con-
stant pressure and temperature. Therefore, for two different sand
pack models with different drainage heights, the following
equation can be driven:
Q2
Q1
¼
 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kHfU
p 
2 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kHfU
p 
1
(8)
Equation (8) can be used to upscale the drainage rate ob-
tained in a model with smaller drainage height to a larger
drainage height. However, it was found later by several re-
searchers that this up-scaling equation still cannot predict the
drainage rate [18]. Based on the results which were obtained
during experiments with various models with different drainage
heights, Yazdani [18] showed that this equation under estimate
the drainage rate. He modiﬁed equation (8), and proposed the
following equation:
Q2
Q1
¼

H2
H1
n ﬃﬃﬃﬃﬃﬃﬃﬃkfUp 
2 ﬃﬃﬃﬃﬃﬃﬃﬃ
kfU
p 
1
(9)
The exponent n in equation (9) is in the range of 1.10e1.30,
while this exponent is 0.50 in Butler's equation. In order to ﬁnd
the correct value of exponent n, various values of n ¼ 0.50, 1.10
and 1.30 were used to predict the drainage rate. For this purpose,
equation (9) was rearranged to equation (10), and the two terms
on each side of this equation were measured for different
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(12) were used; hence the results were presented graphically
in Fig. 17. The subscript, L stands for the large physical model, and
the subscript S stands for the small physical model.
QL
HnL
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kLf1:3L
q  ¼ QS
HnS
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kSf1:3S
q  (10)
RL ¼
QL
HnL
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kLf1:3L
q  (11)
RS ¼
QS
HnS
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kSf1:3S
q  (12)
It can be seen in Fig. 17(a) that Butler's model signiﬁcantly
under-predict the drainage rate for all types of solvents used in
this study. However, the results obtained based on Yazdani's
model are more accurate and the data points are closer to the
prediction line. The results shown in Fig. 17(b) show that n ¼ 1.1
is still under estimate the actual drainage rate, but as it is pre-
sented in Fig. 17(c), exponent n ¼ 1.3 resulted in over estimating
the experimental drainage rates. Therefore, exponent n¼ 1.2 was
chosen and the results obtained based on this value were
graphed in Fig. 17(d). It was found that experimental results
match the prediction based on this new value, and best results
were obtained by n ¼ 1.2.
Considering the fact that there is a linear relationship be-
tween stabilized drainage rate, Q and Hn
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kf1:3
q
, and knowing
the best value for exponent n is 1.2, following up-scaling equa-
tions can be found for various solvents used in this study based
on the results presented in Fig. 18.
For propane:
Q ¼ 0:0334H1:2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kf1:3
q
(13)
Propane/CO2 mixture:
Q ¼ 0:0227H1:2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kf1:3
q
(14)
Butane:
Q ¼ 0:0217H1:2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kf1:3
q
(15)
And for propane/methane mixture:
Q ¼ 0:0174H1:2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kf1:3
q
(16)
As described earlier, Butler's model includes a dimensionless
number, Ns, which is also called VAPEX number. This number
accounts for oil-solvent properties and can be calculated by
rearranging equations (4) and (5) to the following equation:
Ns ¼
ZCmax
Cmin
Drð1 CsÞDs
mmixCs
dCs ¼ Q
2
8kgfUDSoH
(17)
The experimental results were used to calculate the VAPEX
number using equation (17). The results were graphed versus the
drainage height to investigate the effect of drainage height on
VAPEX number. As it can be seen in Fig. 19, VAPEX number in-
creases with increasing drainage height, this was also observed
with some other researchers [18e20], and it can be concluded
that VAPEX number is dependent on the drainage height and oil-solvent properties. Comparing different solvents used for these
experiments, the highest values for VAPEX number were ach-
ieved after injecting propane, and VAPEX numbers for butane
and propane/CO2 were also relatively high and close to each
other. However, the lowest values were obtained after injecting
pure methane and pure CO2.4. Conclusions
An extensive experimental study involving injecting various
solvents in two large-scale visual physical models was carried
out to investigate the effect of drainage height and solvent type
on the recovery performance of VAPEX process. The following
major conclusions were drawn during this research:
1. Propane showed promising recovery factor results in both
physical models, while butane injection also showed
acceptable results in terms of ultimate recovery perfor-
mance. The ultimate recovery factor after injecting pro-
pane was found to be about 75% of original oil in place in
the small and large models.
2. Although pure CO2 and methane injection did not show
acceptable recovery performance, CO2 and methane were
found to be good carrier gases, while propane/CO2 and
propane/methane mixtures signiﬁcantly improved recov-
ery performance. In the case of propane/CO2 injection, an
ultimate recovery factor of 54% of original oil in place was
observed in VAPEX models. On the other hand, after
injecting propane/methane mixture the ultimate recovery
factor of 48% of original oil in place was observed in the
small and large VAPEX models.
3. The main effect of drainage height was observed during
comparing the results for stabilized drainage rates in the
small and large physical models. The stabilized drainage
rates were signiﬁcantly higher in the large model with
greater drainage height, which proves the prominent ef-
fect of drainage height on VAPEX process. For instance, the
stabilized drainage rates after injecting propane were
found to be 0.22mL/min and 0.50mL/min in the small and
large models, respectively.
4. The efﬁciency of propane as injection solvent was further
conﬁrmed by comparing the solvent utilization curves for
various solvents used in this study.
5. It was observed that residual oil saturations close to the
injection wells were very low for all the solvents. More-
over, the lowest residual oil saturation was obtained after
injecting propane for both small and large models. The
residual oil saturation for sample location 1 was 4.3% and
5.1% for the small and large models, respectively. On the
other hand the highest residual oil saturation was
observed at the bottom of the physical models and close to
production wells. The highest residual oil saturation was
found to be 80.4% in the small model and 88.9% in the large
model for the case of CO2 injection.
6. Using various solvents, it was observed that more
asphaltene precipitation occurred close to the injection
points and at the oil/solvent interface. Comparing the
textures of the asphaltene precipitants from different lo-
cations of the models, it was found that the precipitants
close to the injection points where more brittle, while the
precipitants close to the production points were more
ductile.
7. The amount of asphaltene precipitation in the large model
was slightly more due the larger path between the
M. Mohammadpoor et al. / Petroleum 1 (2015) 187e199 199injection and productionwells and the longer contact time
between the oil and solvent.
8. After comparing the asphaltene precipitation in the small
and large models, it was observed that in the case of
propane injection, more asphaltene precipitation was
observed in different physical model locations.
9. Further analysis of the experimental results obtained in
this study showed that Butler's equation which states
square root proportionality between the drainage height
and drainage rate signiﬁcantly under predicts the drainage
rate. However, it was found that results proposed by
Yazdani showed better proportionality between the
drainage height and drainage rate in VAPEX process. The
experimental results obtained in this study indicated that
drainage rate is proportional to the drainage height raised
to the power of 1.2 in VAPEX process.
10. VAPEX number, Ns increased with increasing drainage
height, and it was concluded that VAPEX number was
dependent on the drainage height and oil-solvent prop-
erties. Comparing various solvents used for these experi-
ments, the highest values for VAPEX number were
achieved after injecting propane, and VAPEX numbers for
butane and propane/CO2 were also relatively high and
close to each other. However, the lowest values were ob-
tained after injecting pure methane and pure CO2.
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